The Chlamydiae constitute an evolutionary well separated group of intracellular bacteria comprising important pathogens of humans as well as symbionts of protozoa. The amoeba symbiont Protochlamydia amoebophila lacks a homologue of the most abundant outer membrane protein of the Chlamydiaceae, the major outer membrane protein MOMP, highlighting a major difference between environmental chlamydiae and their pathogenic counterparts. We recently identified a novel family of putative porins encoded in the genome of P. amoebophila by in silico analysis. Two of these Protochlamydia outer membrane proteins, PomS (pc1489) and PomT (pc1077), are highly abundant in outer membrane preparations of this organism. Here we show that all four members of this putative porin family are toxic when expressed in the heterologous host Escherichia coli. Immunofluorescence analysis using antibodies against heterologously expressed PomT and PomS purified directly from elementary bodies, respectively, demonstrated the location of both proteins in the outer membrane of P. amoebophila. The location of the most abundant protein PomS was further confirmed by immuno-transmission electron microscopy. We could show that pomS is transcribed, and the corresponding protein is present in the outer membrane throughout the complete developmental cycle, suggesting an essential role for P. amoebophila. Lipid bilayer measurements demonstrated that PomS functions as a porin with anion-selectivity and a pore size similar to the Chlamydiaceae MOMP. Taken together, our results suggest that PomS, possibly in concert with PomT and other members of this porin family, is the functional equivalent of MOMP in P. amoebophila. This work contributes to our understanding of the adaptations of symbiotic and pathogenic chlamydiae to their different eukaryotic hosts.
Introduction
Chlamydiae are a group of obligate intracellular bacteria with an extraordinarily broad host spectrum. They include important human pathogens like Chlamydia (aka Chlamydophila) pneumoniae and Chlamydia trachomatis as well as many animal pathogens and symbionts of amoebae [1] [2] [3] [4] . All chlamydiae share a biphasic developmental cycle in which they alternate between two developmental forms, the extremely stable and infectious elementary body (EB) and the replicative reticulate body (RB) [5] . At the beginning of the developmental cycle, EBs attach to and are taken up by the host cell. Upon entry, chlamydiae reside within a hostderived vacuole [6] where the EBs differentiate into RBs. After several rounds of replication, RBs re-differentiate into EBs and leave the host cell by either lysis of the host or exocytosis in order to infect new host cells [2, 7] .
During all stages of the chlamydial developmental cycle, proteins in the bacterial outer membrane play an important role. They mediate the first contact to the host cell, and once inside the host, they are involved in the uptake of nutrients and the removal of waste products. Being surface-exposed, outer membrane proteins represent promising candidates for vaccine development [8, 9] and have therefore been thoroughly studied for the pathogenic chlamydiae, which have been grouped into the family Chlamydiaceae [10] [11] [12] [13] [14] [15] [16] . The major outer membrane protein (MOMP) and the two cysteine-rich proteins OmcA and OmcB are the most abundant proteins in the outer membrane of the Chlamydiaceae and together form the chlamydial outer membrane complex (COMC) [17, 18] . Chlamydiae lack detectable amounts of peptidoglycan [19] . Instead, the COMC and OmcA and OmcB in particular stabilize the outer membrane by forming extensive disulfide-bonds in the osmotically stable EBs whereas these bonds are reduced in the more fragile RBs [13, [20] [21] [22] .
MOMP is the most abundant protein in the outer membrane of the Chlamydiaceae and makes up about 60% of the proteins of the COMC in EBs [18] . MOMP determines C. trachomatis serovars [23] and functions as a diffusion porin, a group of proteins that form channels in the outer membrane of Gram-negative bacteria, facilitating passive diffusion of small molecules [24] [25] [26] . The porin function of MOMP was first suggested by Bavoil and coworkers based on liposome swelling assays [27] and later confirmed by lipid bilayer measurements using purified native and recombinant MOMP [28, 29] . MOMP shows a beta-barrel structure with a pore size of 2 nm [30] and occurs as trimer in the outer membrane [31] .
In contrast to the Chlamydiaceae, little is known about the composition of the outer membrane of other chlamydiae. Several key mechanisms for host cell interaction, such as a type three secretion system and its effector proteins, are conserved among all chlamydiae [32] [33, 34] . Yet, the genome of the amoeba symbiont Protochlamydia amoebophila encodes no homologue of MOMP [33] , and antibodies targeting Chlamydiaceae MOMP did not bind to the outer membrane of these bacteria [35] . A recent study identified 38 outer membrane proteins of P. amoebophila by combining 1D and 2D gel electrophoresis of outer membrane fractions with mass spectrometry analysis [36] . The identified proteins included OmcA (pc0617) and OmcB (pc0616). Additionally, a novel protein family was identified consisting of four proteins that share an amino acid sequence identity of 22-28% and have no functionally characterized homologues in other organisms ( Table 1) . Two of these proteins were frequently detected in outer membrane fractions. Both were predicted to form beta-barrels by in silico analysis and to contain signal peptides. Their predicted structure and their high abundance in outer membrane fractions led to the hypothesis that they function as porins and together form the COMC of P. amoebophila by interactions with OmcA and OmcB. Because of the lack of significant sequence similarities with other characterized proteins we propose the names PomS, PomT, PomU, and PomV (Pom for ''Protochlamydia outer membrane protein'') for their designation.
In this study, we provide evidence that all members of the novel protein family found in P. amoebophila represent pore-forming proteins, and for two of them we confirmed their outer membrane location. The most abundant outer membrane protein of this family is expressed throughout the complete developmental cycle of P. amoebophila, and lipid bilayer measurements further confirmed its function as porin. Our study provides a first detailed analysis of outer membrane proteins of an environmental counterpart of pathogenic chlamydiae and shows that a novel porin family represents the functional equivalent of the Chlamydiaceae MOMP in P. amoebophila.
Materials and Methods

Cultivation of Organisms and Infection Experiments
Uninfected Acanthamoeba castellanii Neff or A. castellanii Neff infected with P. amoebophila were grown axenically in 10 or 150 ml TSY medium (30 g/L trypticase soy broth, 10 g/L yeast extract, pH 7.3) at 20uC. Cultures were supplied with fresh medium every one to two weeks depending on amoebal growth. Escherichia coli strains were grown in standard LB medium at 37uC.
For infection experiments cultures of A. castellanii Neff were harvested and the number of amoebae was counted using a Neubauer counting chamber. Amoebae were seeded in the wells of a multiwell dish and were infected with purified P. amoebophila EBs at an MOI of 5 or 10. Multiwell dishes were centrifuged at 6006g for 15 min at 20uC, and the end of centrifugation was regarded as time point 0 hours post infection (p.i.). After centrifugation, the medium was exchanged and infected cultures were grown at 20uC. At selected time points cells were fixed for immunofluorescence analysis. Signal peptides were predicted using SignalP4 [80] , alpha-helix formation was predicted with TMHMM, localization to the outer membrane with Cpsortdb [81] , betabarrel formation with MCMBB, BOMP and Pred-TMBB [82, 83] , lipoprotein signal peptides with LipoP [84] , the probability of the localization to the outer membrane using HHOMP [85] and chlamydial outer membrane proteins with pCOMP [48] . doi:10.1371/journal.pone.0055010.t001
Purification of Elementary Bodies of P. amoebophila and Isolation of Pc1489 P. amoebophila EBs for infection experiments were purified as previously described [36] . Highly enriched fractions of EBs were obtained using two additional centrifugation steps to further remove host cell debris [32] . Highly purified EBs were thawed and centrifuged at 10,6216g for 15 min at 4uC. The resulting pellet was resuspended in 100 ml POP05-buffer (0.087 g/L EDTA, 5.84 g/L NaCl, 300 mM Na x PO 4 , 0.5% n-octly-polyoxyethylen; pH 6.5) [37] with 100 mM freshly added dithiothreitol (DTT) per 3 mg EBs (wet weight) and incubated for 1 h at 37uC on a rocking platform. Cell debris was removed by centrifugation (10,6216g, 10 min, 4uC), an equal volume of ice-cold acetone was added to the supernatant and proteins were precipitated for 1 h at 220uC. The suspension was centrifuged as before and the resulting pellet was resuspended in 400 ml Buffer A (2.9 g/L HEPES, pH 7.5, 0.292 g/L NaCl, 0.5% n-octly-polyoxyethylen). Undissolved matter was removed by centrifugation at 10,6216g for 10 min at 20uC. After equilibration of a Vivapure Q-Mini-spin column (Sartorius) with 400 ml Buffer A, the supernatant was applied onto the column and centrifuged at 2,0006g for 5 min at 20uC. The column was washed twice with Buffer A. Elution of proteins was achieved by applying a gradient with increasing NaCl concentrations ranging from 0.1 to 1 M NaCl. The flow-through of all steps was collected. 46Laemmli buffer without DTT was added to the samples and samples were run on a 12.5% SDS-PAGE gel, followed by staining with colloidal Coomassie (100 g/L (NH 4 ) 2 SO 4, 20 g/L orthophosphoric acid, 25% methanol, 0.625 g/L Coomassie Brilliant Blue G-250). Fractions that showed only a single band for Pc1489 at the correct size were collected and pooled. To concentrate samples, proteins were precipitated with ice-cold acetone and resuspended in Buffer A without n-octylpolyoxyethylen (n-octyl-POE). Protein concentrations were determined using the BCA TM Protein Assay Kit (Pierce Biotechnology). The identity of the purified protein was confirmed by SDS-PAGE analysis in combination with mass spectrometry.
Mass Spectrometry Analysis
Sample processing and high-performance liquid chromatography mass spectrometry (HPLC-MS) analysis were perfomed as described previously [36] . Briefly, bands were excised from the gel, reduced with DTT, alkylated with iodoacetamide and digested overnight with trypsin. Samples were separated on an Ultimate plus HPLC system (Dionex) coupled online to an LTQ mass spectrometer (Thermo Scientific). Raw files were searched with ProteomeDiscoverer 1.3.0.339 and Mascot 2.2 using the following settings: trypsin/P, maximum 2 missed cleavage sites, 1.5 Da precursor ion tolerance, 0.8 Da fragment ion tolerance, cabamidomethyl-cysteine as fixed modification, oxidation of methionine and deamidation of asparagine or glutamine as variable modifications. The fasta database comprised sequences from P. amoebophila as well as proteins of the amoeba host and contaminants. Proteins were quantified by calculating spectral counts and normalized spectral abundance factor (NSAF) for all P. amoebophila proteins identified with p,0.05 [38] . As the precision of spectral carrying different pet16b plasmid constructs after induction of protein expression (labeled with *) and without induction. As controls, the vector pet16b without insert and pet16b containing a gene fragment coding for the inclusion membrane protein IncA (pc0399) of P. amoebophila were used [32] . Induction of expression of proteins of the putative porin family lead to a rapid decrease in the number of colony forming units (cfus) compared to the non-toxic protein IncA. Ten minutes after induction, the numbers of cfus of E. coli expressing the putative porins were significantly lower than those of all controls (p,0.05, one-way ANOVA test and Dunnett's post test); this difference was not significant anymore at sixty minutes after induction. The mean number of cfus for three independent replicates is shown +/2 the standard error of the mean (SEM). counting was shown to be optimal for proteins with five or more spectra, calculation of NSAF was restricted to proteins with a minimum of five spectra with a Mascot score of 20 or above [39] . NSAF values were converted to percentages as a measure of relative abundance.
Transcriptional Analysis
For the isolation of RNA, 3 ml of A. castellanii infected with P. amoebophila were harvested by centrifugation (7,3236g, 10 min). The pellet was resuspended in 750 ml Trizol and cells were disrupted using a bead beater at an intensity of 4.5 for 30 sec. The cell suspension was then centrifuged at 12,0006g for 5 min. The supernatant was incubated at room temperature for 5 min followed by the addition of 200 ml chloroform. The solution was shaken vigorously for 15 sec, further incubated for 5 min and finally centrifuged at 12,0006g for 15 min at 4uC. The supernatant was taken off carefully, mixed with 500 ml isopropyl alcohol per 750 ml volume and incubated at room temperature for 10 min. After another centrifugation step (12,0006g, 10 min, 4uC), the resulting RNA pellet was washed with 1 ml 75% ethanol and centrifuged for 5 min at 7,0006g and 4uC. The pellet was airdried for 10 min and dissolved in 30 ml distilled water treated with diethylpyrocarbonate (DEPC). Isolated RNA was quantified using a NanoDropH ND-1000 spectral photometer and either stored at 280uC or treated directly with DNaseI (Sigma-Aldrich). DNA was digested by adding 1 U DNaseI/2 mg RNA and incubation at room temperature for 1 h. RNA was precipitated with pure ethanol at 220uC overnight and resolved in DEPC-treated distilled water. RNA quality was assessed by agarose gel electrophoresis. To test for DNA still present in the RNA preparations, PCR without reverse transcription was performed and no product was obtained (data not shown). Three independent biological replicates of RNA isolated at 0 h p.i., 24 h p.i., 48 h p.i. and 96 h p.i were analyzed.
Reverse transcription was performed using the RevertAid TM First Strand cDNA Kit (Fermentas). 1 mg RNA was applied per reaction and random hexamer primers were used for reverse transcription. A negative control without reverse transcriptase was performed in parallel. The RT conditions were 5 min at 25uC, 60 min at 37uC and 5 min at 70uC. The obtained cDNA was stored at 220uC until further use. Primers targeting pc1489 and the 16S rRNA gene of P. amoebophila were designed using the online tool Primer3plus [40] (Table S1 ). Primer concentrations and annealing temperatures were optimized using gradient PCR. Genes were cloned into the pCR-XL-TOPO vector (Invitrogen) and these constructs were used as standards for calibration of the PCR assay. The PlatinumH SYBRH Green qPCR SuperMix-UDG Kit (Invitrogen) was used for amplification following the manufacturer's instructions by applying 1 ml cDNA to the reaction mixture. All standards and samples were analyzed on one plate during a single run using an iCycler (Bio-Rad). Each plate included three different negative controls: a no template control (where all the reaction reagents except for cDNA were used), an RNA only control (to test for residual chlamydial DNA) and cDNA obtained from uninfected amoebae. The qPCR program was: denaturation at 95uC for 3 min, followed by 35 cycles of 40 sec at 95uC, 30 sec at 60uC and 30 sec at 72uC. Final elongation was allowed for 1 min at 72uC, followed by 30 sec at 95uC and a melting curve from 55-95uC. For interpretation and further analysis of the qPCR results the iCycler software was used. Copy numbers of pc1489 were adjusted to the number of organisms present at the different stages of the developmental cycle by normalization with copy numbers of the 16S rRNA gene at the respective time point [41] . Analysis of the melting curves of the PCR products for pc1489 and the 16S rRNA showed a singlepeak for the amplicons, indicating that a single PCR product was formed. This was confirmed by analysis of the products on a 2% agarose gel. The negative controls did not show any amplification product (data not shown).
Cloning and Heterologous Expression of Proteins in E. coli
Genes encoding the predicted porins were cloned as full length copies or without the predicted signal peptide using two different cloning vectors. Full length pc0870, pc1077, and pc1860 were cloned into the BamHI and NdeI restriction sites of the vector pet16b (Novagen). Full length pc1489 was cloned into the XhoI site of pet16b. Pc0870, pc1077 and pc1489 were cloned into the KpnI and PstI sites of pQE-30 (Qiagen) excluding the first 21 bp encoding the predicted signal peptide. DnaK (pc1499), which served as control in immunofluorescence analysis, was cloned into the SmaI and PstI restriction sites of pQE-30. Genes were Western blot analysis (right) using polyclonal anti-PomS and anti-PomT antibodies demonstrates specificity for the heterologously expressed proteins. The anti-PomT antibodies additionally target one E. coli protein with a lower molecular mass. Bands at the correct molecular mass for the leaderless proteins (33.9 kDa for PomS and 36.9 kDa for PomT) are indicated by arrow heads. Molecular mass of marker bands (M) in kDa. Lower panel: Bands for leaderless PomS (33.9 kDa) and PomT (36.9 kDa) can be observed in the sarkosyl-insoluble outer membrane fraction (OM) and in the sarkosyl-soluble (S) fraction using specific polyclonal antibodies (bands at the correct molecular mass are indicated by arrow heads). The cytoplasmic heat-shock protein DnaK, which served as a control, is detected only in the sarkosyl-soluble fraction. For comparison, a SDS gel stained with colloidal coomassie is shown on the left. Molecular mass of marker bands (M) in kDa. doi:10.1371/journal.pone.0055010.g002 amplified using the High Fidelity PCR Enzyme Mix (Fermentas) or the Phusion High-Fidelity DNA Polymerase (New England BioLabs). Forward and reverse primers contained sequences to introduce recognition sites for the respective restriction enzymes. For cloning into the vector pet16b, an additional C-terminal 66 His-tag was introduced via the reverse primer to compensate for possible removal of the N-terminal His-tag by cleavage of the signal peptide. Amplified fragments were first cloned into the vector pCR-XL-TOPO (Invitrogen) and subsequently cloned into the expression vectors pet16b and pQE-30. All constructs were sequenced before transformation into E. coli BL21 (DE3) (Invitrogen) or E. coli M15 (Qiagen). Heterologous expression was induced by addition of 1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) to cultures at an OD 600 of 0.6. Heterologously expressed Pc1077 without leader sequence and Pc1499 were purified using HisTrap purification columns (GE Healthcare Biosciences) according to the instructions of the manufacturer. The identity of the purified proteins was verified by 1D gel electrophoresis combined with mass spectrometry (data not shown).
Toxicity Assay
To analyse the toxicity of the heterologously expressed proteins, LB medium was supplemented with 0.4% glucose to ensure repression of the T7 lac promoter of the vector pet16b. pet16b containing pc0870, pc1077, pc1489 or pc1860 was transformed into E. coli BL21 (DE3), and cells were grown on LB plates overnight at 37uC. Single colonies were inoculated in LB, and protein expression was induced by addition of 1 mM IPTG at an OD 600 of 0.6. As controls, the vector pet16b without insert and pet16b containing a gene fragment coding for the inclusion membrane protein IncA (pc0399) of P. amoebophila were used [32] . Samples were taken at 0, 10 and 60 min after induction, they were diluted in phosphate buffered saline (PBS, 130 mM NaCl, 10 mM Na x PO 4 ; pH 7.2-7.4) and plated on LB plates. After incubation overnight, the number of colony forming units (cfu) was counted. All experiments were performed in three biological replicates.
Generation of Polyclonal Antibodies, Immunofluorescence, and Immunoelectron Microscopy
All antibodies used in this study were produced by Eurogentec (Belgium). To generate polyclonal antibodies against Pc1489, 400 mg of Pc1489 purified from P. amoebophila EBs in Buffer A without n-octyl-POE were used for immunization of one chicken. To generate antibodies against Pc1077, heterologously expressed protein without leader sequence purified from E. coli was used for immunization of two rabbits. To generate antibodies against DnaK, one chicken and two guinea pigs were immunized with heterologously expressed DnaK. IgY from pre-immune sera and egg yolk collections was purified using a HiTrap TM IgY Purification HP column (GE Healthcare) according to the manufacturer's instructions. Pre-immune sera were obtained for all immunizations and tested in Western Blot and immunofluorescence analyses. To remove antibodies targeting amoeba proteins, sera were adsorbed with amoeba lysate prior to experiments [36] . Pre-immune serum and antibodies targeting Pc1489 were affinity purified on a polyvinylidene fluoride (PVDF) membrane as previously described to further reduce unspecific background signals [42] . Immunofluorescence analysis of methanol and paraformaldehyde fixed cells and immunogold labelling of ultrathin cryosections was performed as described previously [32] .
Western Blot Analysis
Cells were harvested by centrifugation (18,0006g for 2 min for E. coli or 7,3236g for 5 min for amoebae). Pellets were resuspended in 46 Laemmli buffer with 400 mM DTT and heated to 95uC for 5 min. Nucleic acids present in the samples were removed by digestion with the nuclease Benzonase (Novagen) for 1 h. Outer membrane fractions of P. amoebophila were obtained either by treatment with N-laurylsarcosine (sarkosyl) as described previously [36] or by incubation in POP05 buffer for 1 h as described above. Proteins were separated by 1D gel electrophoresis, transferred to a PVDF membrane (GE Healthcare) by semi dry blotting in transfer buffer (5.8 g/L Tris, 2.9 g/L glycine, 20% methanol) using a Trans-BlotH SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad) and proteins were detected using specific antibodies [36] . Detection of heterologously expressed Pc1077 in E. coli lysates by Western blot analysis proved to be difficult. The protein was not detectable in Western blot analysis after transfer with standard transfer buffer and staining of SDS-PAGE gels after blotting showed that Pc1077 did not elute from the gel (data not shown). Addition of 0.05% SDS to the buffer improved transfer, but still a substantial amount of protein could be detected in the gel after blotting and blots showed high background (data not shown). The best results were obtained with a transfer buffer containing urea (12 mM Tris, 48 mMol glycine, 5 mM NaH 2 PO 4 , 0.55% SDS, 3 M Urea) which was developed for the transfer of membrane proteins [43] and this buffer was used for the detection of Pc1077 in subsequent experiments. To test for the presence of multimers of Pc1489 in the outer membrane, outer membrane protein fractions from highly enriched EBs were crosslinked as described previously using bis(sulfosuccinimidyl)suberate [30] . Cross-linked samples were analyzed by SDS-PAGE and Western blot analysis.
Infection Inhibition Assay
P. amoebophila EBs were thawed at 37uC and 1 volume of PBS was added. Heat inactivation was achieved by incubation at 56uC for 30 min [44] . Anti-Pc1489 antibodies, targeting the putative porin, and anti-Pam antibodies, targeting the immunodominant components of the outer membrane of P. amoebophila [32] , were diluted in FA Block solution (2% bovine serum albumin in PBS) to reach final dilutions of 1:15 and 1:150. EBs and heat-inactivated EBs were incubated with the antibody solutions for 30 min at 37uC with mild shaking. As controls, EBs and heat inactivated EBs were incubated with FA Block solution only. The pre-incubated EBs were used to infect amoebae at an MOI of 5 and samples were fixed at 0, 6, 12, 24, 48, 72 and 96 h p. i. and stored at 4uC for later analysis. Immunofluorescence analysis was performed as described above, and for the time point 48 h p.i. the ratio of infected amoebae to all amoebae was determined by counting at least 100 amoebae. All experiments were performed in three biological replicates.
Planar Lipid Bilayer Assays
The methods used for black lipid bilayer experiments have been described previously [45] . The black lipid bilayer instrumentation consisted of a Teflon chamber with two compartments of 5 ml volume, which were separated by a thin wall and connected by a small circular hole with an area of about 0.4 mm 2 . A 1% (w/v) solution of diphytanoyl-phosphatidylcholine (PC) (Avanti Polar Lipids) in n-decane was used to form the membranes across the hole. The Pc1489 (PomS)-containing protein fractions were diluted 1:100 in 1% Genapol (Roth) and added at a concentration of about 10 ng/ml to the aqueous phase after the membrane had turned black. The membrane current was measured with a pair of Ag/AgCl electrodes with salt bridges connected in series to a voltage source and a highly sensitive current amplifier (Keithley 427). The temperature was throughout kept at 20uC. The amplified signal was recorded on a strip chart recorder. Zerocurrent membrane potential measurements were performed in the presence of a salt gradient as described earlier [46, 47] . After the insertion of more than 100 channels into the PC membranes, the KCl concentration (300 mM KCl) was raised 2.5-fold by addition of 3 M KCl to one side of the membrane. The zero-current membrane potentials were measured with a high impedance electrometer (Keithley 617) and analyzed using the GoldmanHodgkin-Katz equation [46, 47] .
Results
Toxicity of PomS, PomT, PomU, and PomV for E. coli
To characterize the putative novel outer membrane protein family of P. amoebophila [36, 48] , we initially tried to clone and express PomS (pc1489), PomT (pc1077), PomU (pc0870), and PomV (pc1860) in the heterologous host E. coli. Our first attempts to express the full length proteins using different expression vectors in E. coli failed. When protein expression was induced, the optical density (OD 600 ) of the cultures decreased and no overexpression of the proteins was observed by SDS-PAGE, which indicates host cell lysis due to detrimental effects of the heterologous proteins.
The overexpression of Chlamydiaceae MOMP in E. coli resulted in a strong decrease in the number of colony forming units (cfus) after induction of protein expression [49] . To investigate whether the predicted porins of P. amoebophila show a similar effect, we performed a time-course experiment and compared induced and uninduced E. coli cultures with a control protein (IncA) and an empty vector. Consistent with our initial observations, expression of the proteins PomS, PomT, PomU, and PomV had an immediate lethal effect on E. coli as indicated by a strong decrease in the number of cfus already 10 min after induction of protein expression. No decrease was observed at this time point when the empty vector alone or the expression of a non-toxic P. amoebophila protein was induced (Fig. 1A and 1B) . Sixty minutes after induction, the number of cfus decreased even further for cells expressing the putative porins. At this time point also induced cells containing the control vector without an insert or encoding the non-toxic protein showed a decrease in the number of viable cells (Fig. 1A) . This decrease was not as strong as for the putative porins and could result from toxicity of the expression vector for the host cells [49, 50] or from interference of the strong production of heterologous proteins with cellular processes because of the high transcription rate of the T7 RNA polymerase [51, 52] .
To link the observed toxicity to protein expression, we tried to detect the heterologous proteins by SDS-PAGE. With this technique, a band for the non-toxic control protein was observed 10 and 60 min after induction, but no bands were visible for the putative porins (Fig. 1C) . We therefore used the more sensitive Western blot analysis. This resulted in the detection of PomT at 10 and 60 min after induction of protein expression as well as in the detection of IncA (Fig. 1C) . However, we could not detect expression of PomS, PomU, and PomV, probably due to the low amounts in which these proteins were expressed. The observed strong toxic effects on E. coli were thus caused by minute amounts of these proteins.
Previous studies have shown that removal of the signal peptide, which prevents secretion, can help in the overexpression of porins [29] . Indeed, when we tested PomS, PomT, and PomV without the predicted leader sequence overexpression was successful for all three proteins as indicated by bands at the correct size on SDS-PAGE gels. We chose to analyse PomS and PomT in more detail, The membranes were formed from diphytanoyl phosphatidylcholine (PC) dissolved to 1% in n-decane. The aqueous solutions were used unbuffered and had a pH of 6 unless otherwise indicated. The applied voltage was 20 mV, and the temperature was 20uC. The average single-channel conductance, G, was calculated from at least 80 single events. doi:10.1371/journal.pone.0055010.t002
which were most abundant in P. amoebophila outer membrane fractions [36] . Polyclonal anti-PomS and anti-PomT antibodies recognized PomS and PomT expressed in E. coli resulting in a strong band at the correct molecular mass (Fig. 2, upper panel) .
Location of PomS and PomT in the Outer Membrane of P. amoebophila
The transport function of porins is inherently linked to their presence in the outer membrane. We therefore investigated the location of the putative porins PomS and PomT with Western blot, immunofluorescence analysis, and immuno-transmission electron microscopy (immuno-TEM). First, soluble and insoluble protein fractions of highly purified EBs after treatment with the detergent sarkosyl were analyzed by Western blot. In contrast to the cytoplasmic protein DnaK, which was absent in the sarkosylinsoluble fraction containing proteins of the outer membrane complex, strong bands were observed for PomS and PomT (Fig. 2,  lower panel) . In addition, a band for PomS was also detected in the sarkosyl-soluble fraction at a higher molecular mass, possibly representing the full length protein before removal of the signal peptide. For PomT, the band detected in the sarkosyl-soluble fraction was much weaker than the band detected in the outer membrane fraction. For this protein, additional bands with lower molecular mass were observed. This is consistent with a previous study, in which PomT was detected in lower molecular bands of outer membrane protein fractions of P. amoebophila by mass spectrometry [36] .
Most known porins function as trimers [53] , including MOMP of the Chlamydiaceae [54] . We therefore tested for the presence of multimers of PomS by crosslinking outer membrane preparations of EBs of P. amoebophila, but under the conditions used we could not observe any evidence for the presence of multimers (data not shown).
Immunofluorescence analysis with antibodies targeting PomS and PomT resulted in a halo-shaped fluorescence signal surrounding single P. amoebophila cells, demonstrating the presence of these proteins at the periphery of P. amoebophila cells (Fig. 3) . As P. amoebophila is located in single-cell inclusions, it is difficult to distinguish between signals from the outer membrane, the inner membrane and the inclusion membrane by immunofluorescence. However, halo-shaped fluorescence signals were also observed when immunofluorescence analysis was performed with purified EBs. This is a strong evidence for a location of PomS and PomT in the bacterial outer membrane and excludes a location of these proteins in the host-derived inclusion membrane. To further demonstrate the location of the most abundant putative porin PomS in the outer membrane we exploited the higher resolution of immuno-TEM. With this technique, signals for PomS were observed only in the outer membrane of P. amoebophila, but not in the cytoplasmic membrane or the inclusion membrane (Fig. 4) .
Transcription and Expression of PomS throughout the Developmental Cycle
To get first insights into the role of PomS during infection and intracellular replication of P. amoebophila, we analyzed expression of the gene coding for PomS by real-time quantitative reverse transcription PCR (RT-qPCR) throughout a complete developmental cycle. Expression of pomS was detected at all time points during the developmental cycle, with a significant increase from 0 to 48 h p.i. (Mann-Whitney U-test, p#0.05) and was highest at 96 h p.i. (Fig. 5) .
In addition, the presence of PomS in P. amoebophila was monitored by immunofluorescence analysis during the developmental cycle. Consistent with our RT-qPCR data, PomS protein was detected at all investigated time points. Fluorescence signal intensities increased, and the halo-shaped signals were better defined at later time points, confirming an elevated expression of PomS at later time points and suggesting an increase of the amount of PomS during the developmental cycle (Fig. 5 and Fig.  S1 ).
Preincubation with PomS Antibodies does not Alter Infection of Amoebae
Proteins in the bacterial outer membrane can be important for attachment to and uptake by host cells. As our and previous results identified PomS as a major component of the outer membrane of P. amoebophila [36] , we tested whether this protein is required for attachment to amoeba host cells and whether infection can be blocked by preincubation of EBs with PomS-specific antibodies. To ensure that the antibodies used in this experiment bind to the Table 3 . Zero-current membrane potentials of PC/n-decane membranes in the presence of PomS measured for a 2.5-fold gradient of different salts (300 mM versus 750 mM). The zero-current membrane potential V m is defined as the difference between the potential at the dilute side and the potential at the concentrated side. The aqueous salt solutions were used unbuffered and had a pH of 6, if not indicated otherwise; T = 20uC. The permeability ratio P cation /P anion was calculated using the Goldman-Hodgkin-Katz equation [46] from at least 3 individual experiments. doi:10.1371/journal.pone.0055010.t003 Figure 9 . Voltage dependence of PomS. PomS was added in a concentration of 500 ng ml 21 to the trans-side side of a PC/n-decane membrane in multi-channel experiments. The aqueous phase contained 1 M KCl, pH 6.0. After 30 min the conductance had increased considerably. At this point different potentials were applied to the membrane. The ratio of the conductance G at a given membrane potential (V m ) divided by the conductance G o at 10 mV was calculated as a function of the membrane potential V m [79] . The membrane potential refers to the cis-side of the membrane. T = 20uC. Means (6 SD) of three membranes are shown. doi:10.1371/journal.pone.0055010.g009
outer membrane of unfixed cells, EBs were incubated with the specific antibodies prior to fixation, subsequently fixed and incubated with a secondary antibody. All antibodies were found to bind to the outer membrane of unfixed EBs (Fig. 6) . Nevertheless, preincubation with the PomS antibody had no significant effect on bacterial uptake and entry, or on the progress of infection (Fig. 6) . Interestingly, also no effect was observed when EBs were preincubated with polyclonal antibodies targeting the immunodominant components of P. amoebophila EBs (Fig. 6) . High concentrations of this antibody lead to agglutination of EBs at the start of the infection experiment, but even this did not influence the outcome of the infection.
Porin Function of PomS
To investigate the putative porin function of PomS we purified this protein directly from P. amoebophila EBs. Outer membrane proteins were solubilized with the detergent n-octyl-POE, and DTT was added to reduce disulfide bridges, which are responsible for extensive crosslinking of proteins in the EB cell envelope. A single band at the expected size of PomS in fractions eluted with 250 mM NaCl from an anion exchange column was visible on protein gels, and no other bands were present in this fraction (Fig. 7) . This indicates the absence of larger amounts of contaminating protein in this fraction and demonstrates the successful enrichment of PomS. To further analyze this protein fraction, quantitative mass spectrometry analysis was performed. This highly sensitive method identified several P. amoebophila proteins. In total, 767 peptide-spectrum matches were assigned to PomS, while only 121 peptide-spectrum matches were assigned to the other P. amoebophila proteins. This analysis confirmed that PomS was highly enriched and represented the by far most abundant protein in this fraction (86% based on NSAF quantification). Further proteins included other putative porins and outer membrane proteins with different molecular masses, and at least 18-fold lower abundance (5% and below, based on NSAF) (Table S2) .
To perform planar lipid bilayer assays purified PomS was added to a lipid membrane consisting of phosphatidylcholine. Singlechannel conductance increased in a stepwise fashion indicating that the protein formed defined channels (Fig. 8) . The average single-channel conductance was about 3.25 nS in 1 M potassium chloride (KCl). Only a minor fraction of channels (about 18% of the total number of fluctuations) with other conductance was observed suggesting that the protein preparation was essentially free of pore-forming contaminants (Fig. 8) . The channels formed by PomS had a long lifetime, similar to porins of other Gramnegative and Gram-positive bacteria [25, [55] [56] [57] . Analysis of the average single-channel conductance at different KCl concentrations in the aqueous phase showed that the conductance was a nearly linear function of the KCl concentration (Table 2) . This is characteristic of many porins of Gram-negative bacteria [25, 26, 47, 57] and suggests that PomS forms a wide and waterfilled channel, similar to MOMP of the Chlamydiaceae. Lipid bilayer assays were also performed with salts other than KCl to obtain information on the size and selectivity of the channels formed by PomS. Conductance was highest for KCl, followed by lithium chloride (LiCl), and lowest values were observed for potassium acetate (KCH 3 COO, Table 2 ). Replacement of the Cl --ion by the less mobile acetate-ion resulted in a stronger decrease in conductance than replacement of the K + -ion by the less mobile Li + -ion. This means that the influence of anions of different size and mobility on the conductance was more pronounced than that of cations, suggesting anion-selectivity of the PomS channel.
Anion-selectivity and Voltage-dependence of PomS
Additional information about the structure of the channel formed by PomS was obtained from zero-current membrane potential measurements in the presence of salt gradients. A 2.5-fold KCl gradient (300 mM versus 750 mM), across a lipid bilayer membrane in which about 100 to 1000 PomS channels were reconstituted, resulted in an asymmetry potential of 27.8 mV at the more dilute side. This result indicated preferential movement of chloride over potassium ions through the pore at neutral pH. The ratio of the chloride permeability, P Cl , divided by the potassium permeability, P K , was around 2.0, indicating indeed low anion selectivity of the PomS channel. This was further confirmed by measurements with LiCl and potassium acetate; we observed under the same conditions as for KCl, diffusion potentials around 29.5 and 22.6 mV at the more dilute side, respectively ( Table 3 ). The observed selectivity changes dependent on the mobility of the cations and anions indicated that PomS forms a general diffusion pore similar to OmpF and OmpC of Escherichia coli [25, 47] and MOMP of C. psittaci [28] .
Some porins of Gram-negative bacteria show voltage-dependent closure in reconstitution bilayer experiments [58] although the physiological role of this channel gating is obscure [59] . This effect was also observed for PomS when voltages of positive and negative polarity higher than 30 mV or lower than 230 mV were applied (Fig. 9) . The voltage dependence of PomS was essentially unchanged if the protein was added to either the trans-or to the cis-chamber of the membranes. These results indicated a symmetric response of the pore to the applied voltage.
Discussion
In the Chlamydiaceae, the most abundant protein and a major structural component in the outer membrane is the porin MOMP [11, 18] . While two copies of MOMP are encoded in the genome of Simkania negevensis [34] , no homologue of this protein was found in the two sequenced genomes of members of the Parachlamydiaceae [33,34] -a major difference between this family and its pathogenic relatives from the Chlamydiaceae. In a previous study, the presence of a putative novel porin family in P. amoebophila has been proposed [36] . Here we show that two members of this porin family, PomS and PomT, are indeed localized in the outer membrane of P. amoebophila (Figures 2, 3, 4) . PomS, the most abundant outer membrane protein [36] , is expressed throughout the developmental cycle with an increase in expression in the later phase of the developmental cycle similar to the expression profile of MOMP in different serovars of C. trachomatis (Fig. 5) [60] [61] [62] . This is consistent with a key function of PomS in the outer membrane of both RBs and EBs.
MOMP is probably not the only factor with respect to attachment to host cells or tissue-specificity in Chlamydiaceae [63] . However, preincubations of EBs with antibodies targeting MOMP inhibited infection by either blocking attachment to host cells [64, 65] or at steps after internalization [44, 66] . Preincubation with antibodies targeting the outer membrane proteins OmcB, PorB and members of the Pmp family also reduced infectivity [67] [68] [69] [70] . In contrast, the infection of amoebae by P. amoebophila is not impaired by pre-incubation with anti-PomS or anti-Pam antibodies (Fig. 6 ). This suggests that neither PomS nor other immunodominant components of the outer membrane of P. amoebophila play an important role in attachment to and uptake into amoebae, a process which might be fundamentally different from the uptake into non-phagocytic mammalian cells.
Based on its abundance in the outer membrane it is likely that PomS is an important structural component of the P. amoebophila outer membrane. Similar to the Chlamydiaceae MOMP it is also a major porin, facilitating transport of small molecules across the outer membrane [24] . The pore formed by PomS is wide, waterfilled and anion-selective, presumably because of an excess of positively charged amino acids in or near the pore. The single channel conductance was with 3.25 nS in 1 M KCl relatively high (Fig. 8, Table 3 ), about 3-times higher than that reported for MOMP which has a single channel conductance of 1 nS in C. trachomatis and 1.3 nS in C. psittaci [30, 71] . The channels formed by PomS are voltage-dependent in a more or less symmetrical way starting at about 630 mV (Fig. 9) . The voltage dependency of PomS is thus similar to that of the mitochondrial porin VDAC [72] , and the channel conducts at high voltages about 50% of its open configuration. Different ion-selectivities have been reported for Chlamydiaceae MOMPs. Native MOMP of C. psittaci is weakly anion-selective [28] , but cation-selective when expressed in E. coli [73] . Full length recombinant MOMP of C. trachomatis was reported to be either anion- [71] or cation-selective [29] , suggesting that tags of the cloning-vector added during the cloning procedure may influence the functional characteristics of these proteins. In this study, ion selectivity was determined using native PomS. Therefore, modifications introduced by recombinant expression can be excluded.
MOMP is highly crosslinked and mostly present as a trimer in Chlamydiaceae EBs [30, 54] , whereas it is found mostly in its monomeric form in RBs [17] . For PomS we found no evidence for the formation of multimers, which might suggest that this protein is present in the outer membrane of EBs as monomer. Alternative explanations for our observation would be a highly instable PomS multimer that breaks down during purification, or an untypical migration behavior in SDS-PAGE. Trimers of MOMP are stabilized by disulfide-bridges between the monomeric subunits [29] , and it has been suggested that opening of the pore is regulated by the reduction of these disulfide bonds [27] . PomS contains only two cysteine residues in contrast to 7-10 cysteine residues in MOMP [74] possibly hindering the formation of stable multimers by PomS and suggesting a different opening mechanism for this pore.
Whether the other members of the PomS protein family also function as porins has to be determined. The predicted beta-barrel structure of PomT and its location in the outer membrane strongly suggests a porin function. PomU is not predicted to form a betabarrel, and PomV represents a lipoprotein according to in silico analysis [48] . However, all proteins of this family were predicted to encode a signal peptide and showed a pronounced toxic effect on E. coli when expression of the full length constructs was induced (Fig. 1) . This is consistent with the notion that outer membrane proteins, and porins in particular, are generally difficult to overexpress in E. coli, because if properly folded, they might insert into the outer membrane, and their pore-forming activity can be toxic for the host [49, 75] .
The different members of the PomS protein family could play a role in the adaption to different environmental conditions as they show an only low degree of amino acid sequence identity (22-28%) and hence likely differ in pore size, uptake rates or ion specificity. Well-studied examples of homologous yet differentially sized porins are OmpF and OmpC of E. coli whose levels of expression depends on the osmolarity of the extracellular milieu [76, 77] . The smaller pore formed by OmpC is dominant under conditions of high osmolarity whereas OmpF is upregulated under iso-or hypoosmotic conditions (Benz et al., 1985) . Expansions of genes encoding porins are apparent in several chlamydial genomes. In the Chlamydiaceae, the protein PorB was identified as putative porin based on its weak sequence similarity to MOMP by genome analysis; its pore-forming function was later confirmed [70] . The much larger genomes of W. chondrophila and S. negevensis encode 11 and 35 MOMP-like genes, respectively, which are more diverged from known Chlamydiaceae MOMPs [34, 78] . Within the chlamydiae, the PomS protein family analyzed here seems to be restricted to P. amoebophila and Parachlamydia acanthamoebae and lacks close homologues in other bacteria. The P. amoebophila PomS corresponds to the MOMP of the Chlamydiaceae with respect to abundance in the outer membrane and its function as major porin, and it thus represents a specific adaptation of this amoeba symbiont. Figure S1 Fluorescence intensity derived from antiPomS antibodies increases during infection. Quantification of fluorescence intensity was performed using the image analysis software daime [86] . The mean fluorescence intensity (6 SD) is shown for each time point. (TIF) Table S2 Quantification by mass spectrometry shows that PomS is highly enriched in purified porin fractions. The percent abundance of proteins with five or more assigned spectra was calculated based on the normalized spectral abundance factor (NSAF) [38, 39] . (DOCX)
Supporting Information
